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Yohkoh X-Ray Image of the
Solar Corona

Other solar system x-ray sources: Earth (aurora and geocorona),
Venus and Mars (disk and halo), comets, Jupiter (aurora and
disk), Saturn (disk), heliosphere,




THE SOLAR WIND CHARGE EXCHANGE MECHANISM
FOR X-RAY PRODUCTION

 Extension of the solar corona

* Frozen-in solar corona composition
(mostly protons and alpha particles;
0.1% heavy ions - C, N, O, Si, S, Fe,....)

« At 1 AU, average solar wind properties:

n=7cm3, u=400km/s, T=10 eV, Mach
number M =10, B= 10 nT.

* Slow and fast speed solar wind streams.
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Solar Wind Charge Exchange
(SWCX) Mechanism for X-Ray
Emission
« Solarwind ion Ma* (O, N, C, Fe, Si,
Ne..)

« Cometary or interstellar neutrals H, He,

» Charge transfer collisions:
Ma++H--->H* + M@+
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Chandra image of Comet LINEAR (Lisse et al., 2001)
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X-Ray Emission From the

Magnetosheath / Geocorona
due to SWCX

Geocoronal atomic hydrogen extends tens of Earth
radii above the surface.

The shocked solar wind is diverted around the

magnetopause.

The SWCX mechanism operates in the
magnetosheath due to collisions with the H.

Apparently, this has been seen as emission from the
dark side of the Moon (ROSAT - Schmidt et al., 1991,
and recently CXO -- Wargelin et al. 2004)
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ROSAT 1/4 keV x-ray background LTE compared with measured IMP-§
solar wind proton fluxes -- Cravens, Robertson, and Snowden, 2001.
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OPTICAL

Lunar X-Ray Emission from CXO (Wargelin et al., 2004)
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Martian X-Rays observed by XMM-Newton and organized
by Spectral Region (Dennerl et al 2006)
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Heliospheric X-Ray Emission

 From SWCX mechanism applied to solar
wind interaction with interstellar neutral H and
He streaming into the heliosphere (Cox,
1998; Cravens, 2000).

« Spectrum is consistent with observed soft x-
ray background emission (rockets, ROSAT...)




~ . Polar Plane

200

X-axis (AU)

Plate 1. Log[proton temperature (K)] (contour and color) and normalized flow vectors as a function of
distance in the polar plane (top panel) and in the ecliptic plane (bottom panel). The position of a triple
point in the flow is shown by the letter A.

Pauls and Zank (1997) 2-fluid model of heliosphere and ISM
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Modeled X-ray map for O7* ---> O%". Units are photons/cm?/s.
Medvedev et al. (2006)



Hydrogen

' Robertson, Cravens,
o : Snowden (2003)

selim Predicted heliospheric

(interstellar neutrals)
and geocoronal x-ray
emission versus look

. @

Geocorona direction.

(Earth-centered
Heliolatitude and
longitude.)

, helium “cone”.
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From Henbest
and Cooper (1994).

120 pc by 120 pc

View in the galactic
plane of the nearby

. . Y % _ & interstellar medium
= @ (thelocal bubble)
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Possible Ways to Purge the
SXRB of SWCX Contributions

Spatial/directional morphology.

Temporal variability (already partially
successful - LTE removal).

Spectral differences (such as line ratios)
- potentially powerful but high resolution
needed.

Modeling combined with above.
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Use the spectrum to distinguish standard collisional from SWCX?
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Figure 5b. Comparison of AR and RS calculated spectra for T = 4 and 10 MK in the wavelength
regions 5-55 A and 3-140 A, respectively.

From Mewe et al. (1990). Hot plasma - lines and more lines
Collisional due to electrons. Similar to SWCX spectrum.



7.2 Analysis 55

singlet L triplet 'L

Flgure 7.1: Part of the decay scheme of a hefium-like jon

‘Table 7.1: Apparent effective branching ratios, 8,g, for the decay of the 2 ' state of He-like carbon
and axyRen lons,
transition Cv  Ovi

1'S-2'P1z 0.1 030
2°§1-2°Pg12 089  0.70

sumed statistical population of the triplet P-term:

2j+1)
B = . R [7V.5)
7 L, (2L+1)285+1)
The resulting effective branching ratios are given in Table 7.1.
The ratio G is not equal to the overall wriplet-to-singlet ratio, because in the singlet
system the np-states decay to the ground state directly. G thus depends both on the triplet
to singlet ratio, and on the initial distribution over the n# states.

7.2 Analysis
7.21 C*

Charge exchange spectra following C*' +H,0 collisions are complex and contain many
emission lines. Equipped with a 1200 grooves/mm grating, our EUV spectrometer has a

Bodewits
Ph. D.
Thesis
(2007)

Helium-
Like ion
spectrum

OVIl line
complex

near
560 eV.
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Gudel et al. (2007) Science
Orion Extended Nebula X-Ray Emission

Fig. 2. The Orion Nebula with its

hot gas bubble. The x-ray image (A)

is color-coded for photon energies

in the 0.3 to 7.3 keV range (red to

blue). The diameter of each of the

near-circular fields is 30 arc min

(3.5 pa), and the angular resolu-

tion is about 5 arc sec. (B) On the

same scale, the excess diffuse emis-

sion in the 0.3- to 1-keV band with

respect to the hard band extracted

from the longest observation (16)

in blue, overlaid on a composite

4.5-um {(green channel) and 5.8-um

(red channel) mid-infrared image

from the Spitzer Space Telescope.

X-ray point sources have been re-

moved, and the residual image has

been adaptively smoothed (16). The P

intensity scale is logarithmically com- : y . XMM-Newton EPIC XMM-Newton EPIC + Spitzer IRAC
pressed. The white contour shows ‘ -
the detector field of view for this x-ray observation. IRAC, Infrared Array Camera. North is up, and west is to the right.

The blue designates a soft x-ray emission region (XMM Newton)
The scale is a few parsecs.




X-ray spectra of
diffuse emission

Counts/sec/keV
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Fig. 3. X-ray spectra of the diffuse emission. The red and black spectrum refer to, respectively, the
northern bright patch and the southern more-extended structure in Fig. 2. The error bars attached to
each data point reflect 1c errors from counting statistics. The solid histograms represent a model fit to
the spectra on the basis of emission from a thermal plasma (16). The bottom graph gives the fit
residuals. The green spectrum shows the contribution from stellar x-rays to the spectrum of the northern
diffuse emission.

Gudel et al. (2007) - XMM spectrum of the soft x-rays from the
Extended Orion Nebula showing OVII lines near 560 eV.




trapezium

A SWCX
Contribution?

Probably not,
but it cannot
be dismissed
out of hand.

Schematic of plasma outflow in the extended Orion
nebula and an area of possible charge exchange

X-ray emission.



Summary

« Traditionally x-ray emission has been a
diagnostic tool for hot plasmas (e.g., solar
corona, supernova remnants, intragalactic
medium...).

Some types of X-ray emission in the solar
system can be a diagnostic tool for plasma
interactions with neutrals (solar wind - comet/
Earth/heliosphere, auroral x-rays,...)

 The charge exchange mechanism has been
shown to be particularly important for solar
system x-ray emission and might also have
applications to astrophysical plasmas.




Wargelin et al. (2004)
CXO X-Ray Spectrum of Dark Side of Moon
(geocoronal x-rays) -- looks like SWCX x-rays.
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Fig. 6.— Background-subtracted September spectra (3 brightest ObslDs) and charge trans-
fer model fits using four composite lines. The same model, including normalization, is used
to fit the S3 and FI spectra. The nominal fit uses the average (baseline) solar-wind parame-
ters discussed in the text. In the adjusted fit. the relative C VI vs O VII Ka emission is 1/6
of the nominal case, and O VIII emission is reduced by half. Results for the adjusted fit are
listed in Table 7.



X-Ray Transitions

O°* (1s25d --> 1s22p) 106.5 eV
0%+ (1s2p --> 1s2) 568.4 eV
O%* (1s2s --> 1s?) 560.9 eV
O™ (2p --> 1s) 654 eV

C>* (2p --> 1s) 367.3 eV

C>* (4p --> 1s) 459.2 eV
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Wargelin et al. (2004)
CXO X-Ray Spectrum of Dark Side of Moon
(geocoronal x-rays) -- looks like SWCX x-rays.
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Fig. 6.— Background-subtracted September spectra (3 brightest ObslDs) and charge trans-
fer model fits using four composite lines. The same model, including normalization, is used
to fit the S3 and FI spectra. The nominal fit uses the average (baseline) solar-wind parame-
ters discussed in the text. In the adjusted fit. the relative C VI vs O VII Ka emission is 1/6
of the nominal case, and O VIII emission is reduced by half. Results for the adjusted fit are
listed in Table 7.



Interaction of Interstellar
Medium with Heliosphere

« Using the velocity vectors in T N T T T T T [ 7 T T
the data (see image), we soo\
numerically calculated the
solar wind streamlines. We
then followed the evolution
of solar wind ion ionization
states along the stream lines g9
and simultaneously
determined the charge
exchange production rates
as a function of position.

« Using these 3D production -200
rates, we produced 2D X-ray
maps (photons/cm?/s).
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The Tail Beam Spectrum
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The Evolution of Ne8*
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The shown figures are modeled X-ray maps as
yo=  observed from outside the heliosphere starting
with Ne®" The maps show the transition of the
original species to the emitting species. For
instance, “Ne®*” represents a map of the transition
I of Ne®" — Ne’*, where Ne’" emits the photon. The
W00 20 0 200 40 large orange contour represents the position of the
Nedt termination shock, and the small one encircles the

position of the Sun. Units are (photons/cm?/s).




Fig. 1. Voyagers 1 and
2 have flown on differ- g
ent trajectories past ; - Heliopause

the outer p[anef_g of 3 5 9 - Termination Shock
the solar system since
1977, and Voyager 1
is reported to have
crossed the termina-
tion shock of the solar
wind at 94 AU from
the Sun in December
2004. The solar wind is
a supersonic flow, and
a shock—the termina-
tion shock—is required
for the wind to decel-
erate and merge with
the local interstellar
medium that bounds
the solar system. The
solar wind and in-
terstellar gas do not
merge easily, so further
out beyond the ter-
mination shock, there
is a true boundary be-
tween the solar wind
and the interstellar
medium: the helio-
pause. Further out still,
if the solar system is
itself moving supersonically relative to the interstellar medium, there may be a large bow shock.

Interstellar
* Winds |

Voyager 2

Fisk (2005) -- Heliosphere Schematic



Voyager 1
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Fig. 4. The relationship between daily averages of the magnetic field strength (A) and the intensity
of cosmic rays (CR) (B) in the heliosheath is different from that in the solar wind. Error bars show
means + SD. DOY, day of year.
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Predicted Heliospheric
X-Ray Emission as seen
From Earth.

-- 1n galactic coordinates.

Robertson, Cravens,
and Snowden (2003).

ROSAT SXRB

Map is also shown and
a preliminary
“subtraction” map.




